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In this paper, we study the localized deposition of ZnO micro and nanostructures deposited by non-reactive
rf-magnetron sputtering through a stencil mask on ultra-thin (10 nm) SiO2 layers containing a single plane of
silicon nanocrystals (NCs), synthetized by ultra-low energy ion implantation followed by thermal annealing.
The localized ZnO-deposited areas are reproducing the exact stencil mask patterns. A resistivity of around
5×10−3 Ω cm is measured on ZnO layer. The as-deposited ZnO material is 97% transparent above the
wavelength at 400 nm. ZnO nanostructures can thus be used as transparent electrodes for Si NCs embedded
in the gate-oxide of MOS devices.
1. Introduction
The discovery of intense emission of visible light from porous
silicon in 1990 [1] induced a large work for integration of
nanostructured silicon materials (e.g. in the form of nanocrystals:
NCs) in electronics and optoelectronics (usually restricted to III–V
semiconductors). Unfortunately, these efforts did not produce any
tangible applications, but it is believed that undiscovered potential
exists for light-emitting diodes and waveguides for optical inter-
connections. Layers of transparent conducting oxides (TCOs) are very
important for the modern electronic industry due to the need for
transparent electrodes in applications such as thin film transistors
(TFT) used in displays or solar cells. Among the TCOs, thin films of zinc
oxide (ZnO) based materials have been reported to display good
conductivity and high transparency in the visible region [2]. ZnO is
cheap and abundant. It is also non-toxic and can be deposited at
low substrate temperature. Therefore ZnO-based materials have
been considered as transparent electrodes for solar cells [3], field
effect transistors [4,5] and lasers [6]. For such reasons, coupling Si
NCs to ZnO as a transparent electrode is very meaningful for future
applications.
Furthermore, fabrication of micro/nanostructures made of metal,
oxide and polysilicon [7–9] on substrates without the need for resist
materials can be achieved by using stencil-assisted deposition. This
technique has shownmany capabilities, for example, 15 nm resolution
[10], possibility of alignment with a 1 μm accuracy [11,12] and
replication of isolated island patterns [13]. On the one hand, we have
already demonstrated the combination of using a stencil mask and ion
implantation for the fabrication of Si NCs in well-defined regions of
SiO2 layers [14]. On the other hand, we have deposited highly
conductive (resistivity of 5×10−3 Ω cm) and transparent (overall
transmittance in the visible spectra of approximately 91%) doped ZnO
thin film on conventional glass substrate by non-reactive radio-
frequency (rf) magnetron sputtering [15].
In this work, we propose to combine these two approaches and
report on the deposition of ZnO by non-reactive rf-magnetron
sputtering through a stencil mask to form isolated arrays of ZnO
dots above Si NCs synthesized and embedded on ultra-thin SiO2/Si
layer. The properties of the ZnO thin film, Si-NC–SiO2, as well as the
ZnO dot/Si-NC–SiO2 structures are examined by SEM (Scanning
Electron Microscopy), TEM (Transmission Electron Microscopy), EDS
(Energy Dispersive X-ray Spectroscopy), electrical and optical
measurements.
2. Results and discussion
2.1. Si NCs synthesis by ULE ion implantation
A 10 nm thick dry silicon dioxide layer was first grown on an 8-
inch. p-type (100)-oriented Si wafer and subsequently implantedwith
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silicon ions. The implantation dose and ion energy were 1×1016 Si+/
cm2 and 1 keV, respectively. Then, the sample was annealed for
various durations ranging from 30 to 240 min, at 1050 °C under N2
ambient. During the annealing process, phase separation between the
excess silicon and the oxide occurs and NCs are formed. See [16–18]
for detailed description on the sample preparation process. Energy-
filtered transmission electron microscopy (EFTEM) is performed to
extract the size, the density and the surface coverage of implanted
regions. For example, the plane-view EELS/STEM (Electron Energy
Loss Spectroscopy/Scanning Transmission Electron Microscopy)
images of silicon NCs for samples annealed for 90 min at 1050 °C
under N2 shows a layer of spherical NCs with a density of 1.2×1012/
cm2 and an average diameter of 3.2 nm (±0.5 nm) occupying 11% of
the total surface area. The corresponding figure is presented in
reference [16].
2.2. ZnO deposition through stencil masks
Subsequently, ZnO:Ga micro and nanostructures were deposited
onto the Si-NC/SiO2 films through a stencil mask using the same
deposition conditions as described above. The stencil masks were
fabricated using a combination of deep ultraviolet (DUV) lithography
and standardmicro-electromechanical processing [19]. They aremade
up of four 500 μm×500 μm SiN membranes bored with an array of
micro and nanoapertures. The thickness of the SiN membranes ranges
from 100 to 500 nm. The apertures have size and pitch ranging from
220 nm to 4 μm, and 1 μm to 10 μm respectively. They can even be
smaller (25 nm) if they are fabricated by electron beam lithography.
Fig. 1a shows a SEM picture of the stencil mask containing
micrometric patterns (5 μm long, 1.5 μm wide with a 3 μm pitch).
Fig. 1b is a SEM picture of the smallest hole made in the stencil mask.
The stencil mask was directly attached to the silica surface by
double-sided adhesive tape before it was introduced into the non-
reactive rf-magnetron sputtering apparatus, where ZnO:Ga thin films
were deposited. The homemade ceramic target was composed of 2%
Ga-doped zinc oxide with the wurtzite structure. The deposition
system was an Alcatel A-450 conventional planar system. The target
was pre-sputtered using an argon plasma for 10min to remove surface
contamination before the deposition process. ZnO:Ga thin films were
grownwithin an argon gas environment at various working pressures.
The deposition power was fixed to 50 W with a target-to-substrate
distance of 5 cm. Both target and substrate were continuously water-
cooled.
Fig. 1c is a SEM image exhibiting the plan view of ZnO deposited
through the stencil mask. It clearly shows that the localized ZnO-
deposited areas reproducing the stencil mask patterns. Moreover,
Fig. 2a shows that the deposited ZnO pattern is very close in
dimension to the stencil pattern (only 3% larger). After deposition,
AFM measurement reveals that the ZnO layer thickness is around
75 nm with a roughness (Ra) close to that of ZnO layer deposited on
a bare wafer. These measurements are consistent with the SEM
observations.
These results clearly indicate that the ZnO layer does not diffuse
onto the substrate and that the gap between the stencil and the
substrate is small enough to limit any blurring phenomenon. Energy
dispersive spectroscopy (EDS) carried out in a scanning electron
microscope (SEM) at 5 keV confirms these results. Indeed, on Fig. 3a,
we superimposed the spectra measured from two points as indicated
in the inset: point #1 is located on top of a ZnO dot while point #2 a
SiO2/Si area far away from ZnO.
Fig. 3a reveals that Zn is only found on point #1 (blue curve). More
convincingly, Fig. 3b shows the spectra taken from a line scanned
along two ZnO contacts as shown on Fig. 3a. The zinc spectrum exhibit
peaks over a distance which is fully compatible with the ZnO pitch-to-
pitch distance while the silicon peak is almost constant across. These
results confirm that even though the temperature of the sample may
rise up to a few tens of degree Celsius during deposition due to heating
by high energy incident particles, there is no significant diffusion of
ZnO outside the areas defined by the apertures of the stencil mask.
These results demonstrate that non-reactive rf-magnetron sputtering
is an appropriate technique for the deposition of such ZnO-based
materials. The ability to vary the apparatus configurations and
Fig. 1. SEM images of the stencil mask: (a) micrometric patterns and (b) nanometric patterns (c) ZnO structures deposited through the stencil lithography.
Fig. 2. AFM observations showing two ZnO dots: (a) 2D profile, (b) 3D profile, (c) profile across two ZnO dots with thickness around 75 nm (treated with WSxM software [20]).
parameters allows versatility and fine control over the defect
chemistry of the deposited films. Indeed, operating under a plasma
with relatively low oxygen partial pressure leads to good electrical
conductivity due to non-stoichiometric ZnO. This is directly obtained
in the as-deposited films; no post-annealing is required, thus avoiding
the diffusion of Zn into the Si substrate or the silicon dioxide layer.
Using optimized deposition conditions which are less severe, i.e.
minimization of the various electronic, ionic and atomic bombard-
ments, substrate heating during deposition and interfacial diffusion
can be reduced.
2.3. Electrical and optical properties
The conduction measurements are performed in ambient air at
room temperature using a linear four-point setup. As-deposited
Ga-doped ZnO layers exhibit an electrical resistivity of about 6.45×
10−3 Ω cm when deposited on the SiO2/Si layer. These values are a
slightly lower than that obtained by e-beam deposition technique
with an electron energy of ~6 keV in vacuum [21]. Two similar MOS
structures which were fabricated using aluminium and ZnO as gate
respectively exhibit similar I–V characteristics [22]. The conductiv-
ity of the ZnO thin films deposited on fused silica substrate can be
optimized by changing the pressure deposition [23] but with a
modification to the deposition temperature and thin layer micro-
structure. As the conductivity of ZnO is not limiting the properties
of the fabricated MOS devices, the rf-sputtering deposition con-
ditions are kept unchanged. In fact, the resistance of ZnO is low
compared to the total resistance of the fabricated device (ZnO/
SiO2/Si), whereby the resistance ranges from MΩ to TΩ (not shown
here).
A subsequent 20 min annealing at 400 °C under N2+H2 decreases
the resistivity to 5×10−3 Ω cm in accordance to the fact that the
conduction is primarily dominated by electrons generated from the
oxygen vacancies V0 and zinc interstitial atoms Zni [24], which are
enhanced by annealing. As the ZnO layer resistance is not critical, we
decided to use the as-deposited Ga doped ZnO to avoid any additional
diffusion which may contaminate the underlaying silicon NCs.
Next, a 75 nmZnO layer was deposited on a fused silica substrate to
perform absorbance and transmittance measurements. Fig. 4 shows
the transmittance spectra of the as-deposited and annealed samples.
It is obvious that the as-deposited and annealed ZnO layers exhibit
roughly the same transmittance spectra: around 95% and 97% at
400 nm wavelength respectively. Wavelengths above 400 nm are not
absorbed by the ZnO layer which makes it suitable for light excitation
from Si NCs embedded in a SiO2 layer using a laser emitting at the
wavelength of 488 nm. The photo-luminescence of several samples
will be tested to see if the presence of ZnO will result in reduction of
the emission characteristics Si nanocrystals.
3. Conclusions
In conclusion, Ga doped ZnO nanostructures have been deposited
using non-reactive rf-magnetron sputtering on ultra-thin SiO2/Si
through a stencil mask. Ultra low energy ion implantation was
performed onto an ultra-thin SiO2 layer (10 nm), followed by
annealing to produce 2D arrays of Si NCs. Next, the Ga-doped ZnO
nanostructures were deposited on top of this substrate. AFM and SEM
show that the ZnO-based nanostructures have sharp features and
roughness comparable to the bare ZnO layer deposited under the
same conditions. The electrical resistivity of the ZnO layer is around
6.45×10−3 Ω cm (as-deposited) and 5×10−3 Ω cm (annealed) far
below the total resistance of the fabricated MOS structure. The
extracted transmittance spectra show that as-deposited and annealed
samples exhibit roughly the same transmittance of around 95% and
97% respectively at awavelength of 400 nm. Hence, this processmakes
ZnO of good transparency and good electrical characteristics even for
the as-deposited samples. This makes ZnO a good candidate as
transparent nanostructured electrodes for MOS devices containing
few Si NCs embedded in the SiO2 layer. The next study will involve the
fabrication of transparent ZnO conducting electrodes that will self-
aligned with the Si NCs pockets made by “stencil mask ion
implantation process”.
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